A novel β-agarase gene aga672 was cloned from strain ZC1, the typical strain of agar-degrading Aquimarina agarilytica. Gene aga672 is composed of 2130 bp, and the encoded protein Aga672 showed an amino acid sequence identity of only 42% with reported agarases. Aga672 should belong to glycoside hydrolase family 16 according to the protein sequence similarity. The molecular mass of the recombinant Aga672 was estimated to be 98 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Aga672 decomposed agarose to produce neoagarotetraose, neoagarohexaose and neoagarooctaose as the main products. That is the main difference between Aga672 and other reported agarases of family GH16. The K m and V max for agarose degradation were 59.8 mg mL −1 and 154.3 U mg −1 , respectively. The activity of Aga672 was stable at temperatures below 40
INTRODUCTION
Agar, as the main component of the cell walls of red alga, consists of agarose and agaropectin. Agarose is formed by repeating neoagarobiose units (3, 6-anhydro-L-galactopyranose-α-1, 3-Dgalactose) joined by beta-1,4 bonds that form a helix in aqueous environments (Duckworth and Yaphe, 1971) . Agarases are classified into α-agarase (EC 3.2.1.158) and β-agarase (EC 3.2.1.81). α-Agarase cleaves the α-1,3 linkages of agarose to produce a series of agarooligosaccharides (Potin et al. 1993) , while β-agarase cleaves the β-1,4 linkages of agarose to produce a series of neoagarooligosaccharides (NAOS). Most of the reported agarases are β-agarases. According to the amino acid sequence similarity, β-agarases are mainly classified into four glycoside hydrolase (GH) families including family 16, 50, 86 and 118 in the Carbohydrate-Active EnZyme database (Cantarel et al. 2009) .
Agarase is mainly used for the production of NAOS which have potential applications in the food, cosmetic and medicine industries. There have been many reports about various biological activities of NAOS, like the antioxidative activity (Wu, Wen and Pan 2005) , moisturizing effects and whitening effects on skin (Kobayashi et al. 1997; Lee et al. 2008 ) and antimicrobial activities (Giordano et al. 2006) . Besides, agarases could also be used to reclaim nucleinic acid from agarose gel (Finkelstein and Rownd 1978; Zhang and Sun 2007) and to prepare protoplasts of red alga (Chen, Craigiel and Xie 1994; Dipakkore, Reddy and Jha 2005) .
The agar-degrading bacterium ZC1, obtained from the surface of marine red alga Porphyra haitanensis, is the representative strain of species Aquimarina agarilytica (Lin et al. 2012a) . The genome was sequenced for the study on the agar-degrading system of strain ZC1 (Lin et al. 2012b) . Based on sequencing results, there are a few putative agarase genes in strain ZC1. In order to investigate the agarase system of strain ZC1, characterization of each putative agarase is required.
In this report, the β-agarase Aga672 of family GH16 from strain A. agarilytica ZC1 is characterized. This is the first agarase reported in genus Aquimarina.
MATERIALS AND METHODS

Chemicals and reagents
All chemicals and reagents were analytically pure and supplied by commercial sources, unless otherwise stated. Enzymes were supplied by TaKaRa (Dalian, China). NAOS standards were provided by BZ oligo Biotech Co. Ltd (Qingdao, China).
Bacteria, vectors and culture conditions
The host for gene cloning and expression was Escherichia coli DH5α and Rosetta (DE3), respectively. The vector used for expression was plasmid pET-32a (+). The novel agarolytic bacterium Aquimarina agarilytica ZC1 (NBRC 107695) was cultured in 2216E medium (Oppenheimer and ZoBell 1952) containing 0.1% agar (w/v) and kanamycin (50 μg mL −1 ).
Gene expression and purification of the recombinant agarase
The agarase gene aga672 without the signal sequence and the terminator was amplified by PCR using the following primers: forward primer 5 -GGGGGATCC CATATGCAGCGAACTTATGAATTTGAA-3 and reverse primer 5 -CGCCTCGAG TTTTTTAACAAACTTGTACG-3 containing restriction sites of restriction endonuclease Bam HI and Xho I, respectively. The purified PCR products were digested by corresponding restriction endonucleases and ligated to the vector pET-32a(+). The recombinant E. coli Rosetta (DE3) cells carrying the recombinant vector were cultured in LB medium containing 100 μg mL −1 of ampicillin. Protein expression was induced with 0.1 mM isopropyl β-D-1-thiogalactopyranoside at 15
• C for 12 h. The cells were collected by centrifugation at 12 000 rpm for 10 min and dissolved in the 20 mM Tris-HCl (pH 7.4) buffer and disrupted by ultrasonication and then centrifuged at 12 000 rpm for 15 min. Proteins in the supernatant were purified by Ni-affinity chromatography through the 20 mM Tris-HCl buffer containing 0.5 mM NaCl and 100 mM imidazole (pH 7.9).
SDS-PAGE of agarase
Protein concentrations were determined using the Bradford method (Bradford 1976) . The protein was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a 12% gel.
Enzyme assay
Agarase activity was measured by 3, 5-dinitrosalicylic acid (DNS) method through testing the reducing sugar (Miller 1959) . A portion of 100 μL of agarase solution was mixed with 400 μL 20 mM Tris-HCl buffer (pH7.4) containg 0.3% (w/v) agarose and incubated at 40
• C for 30 min. Then 1 mL DNS reagent solution was added and the reaction was terminated by boiling for 10 min. The absorbance was determined at 540 nm. Galactose was used as the standard of reducing sugar for the standard curve. The amount of enzyme that yielded 1 μmol of galactose per minute was defined as one unit (U) of agarase.
Effects of various reagents on agarase activity
The effects of various reagents on agarase activity were measured by adding various reagents to the reaction mixture with final concentrations of 10 and 100 mM. The relative activity was defined as the percentage of the activity determined under the standard condition described previously without any reagent addition.
Determination of optimum conditions for agarase activity
The effect of temperature on enzyme activity was determined at temperatures from 15
To study the thermostability of agarase, the enzyme was incubated at different temperatures for 1 h and the residual enzyme activity was measured. The optimal pH for agarase activity was investigated at 30
with pH values from 4.0 to 11.0 including the citrate buffer of pH 4.0 to 6.0, the Tris-HCl buffer of pH 7.0 to 8.0, the Tris-glycineNaOH buffer of pH 9.0 to 10.0 and the Na 2 HPO 4 -NaOH buffer of pH 11.0. The effect of pH on the stability of agarase activity was investigated by incubating the enzyme at each pH at 4
• C for 12 h and the residual enzyme activity was determined under standard conditions.
Enzymatic product analysis
The degradation of agarose or NAOS by recombinant agarase was analyzed by thin layer chromatography (TLC) using the Silica Gel 60 plate. Proper agarases were mixed with agarose (10 mg mL −1 ) or NAOS at 40
• C for 24 h. After the centrifugation at 12 000 × g for 10 min and the supernatant was analyzed by TLC, the plate was developed with a solvent mixture consisting of n-butanol/acetic acid/H 2 O (2:1:1, by volume). The degradation products were visualized by spraying with 10% (v/v) H 2 SO 4 and heating at 80
Kinetic characterization of Aga672
Kinetic parameters of Aga672 were determined in 20 mM TrisHCl buffer (pH 7.4) containing 1-20 mg mL −1 of substrate. The samples were incubated at 40
• C for 20 min. K m and V max for substrate were determined using the Lineweaver-Burk equation.
Accession number of agarase gene
The nucleotide sequence of agarase gene aga672 was deposited in the GenBank database with the accession number WP 010182762. 
RESULTS
Sequence analysis of agarase Aga672
Agarase Aga672 is encoded by gene aga672 of 2130 bp. By the result on the SignalP 4.1 Server, there is a putative signal peptide of 23 amino acids on the N-terminal. Based on the search results in GenBank, Aga672 showed an amino acid sequence identity of only 42% with beta-agarase AgaA from strain Agarivorans sp. LQ48 (Long, Yu and Xu 2009) . And according to the analysis in the Conserved Domain Search Service of GenBank or InterProScan (Jones et al. 2014) , there is a conserved catalytic module of family GH16 located directly adjacent to the signal peptide in agarase Aga672. Therefore, Aga672 should belong to GH family 16 according to the protein sequence similarity.
Overexpression of the recombinant Aga672
The agarase Aga672 with the signal peptide and a polyhistidine (6×His) sequence on the C terminus was overexpressed in the Escherichia coli Rosetta (DE3) system. Most of the agarase activity was detected in the disrupted cell fraction but little in the extracellular fraction indicating the difference of protein secretion system between E. coli and strain ZC1. Purified Aga672 formed a single band in the SDS-PAGE gel with a molecular mass of 98 kDa which matched well with the theoretical molecular weight of mature Aga672 (78.3 kDa) and the fractions from the vector fused to both the C terminus and N terminus of Aga672 (20 kDa) (Fig. 1) . The data shown are representative of three independent experiments a The activity measured under the standard condition was defined as 100%. b The concentration is the final concentration of the reagents in the detection system. 
Effects of various reagents on agarase activity
The relative agarase activity of Aga672 was determined with agarose as a substrate in the presence of various reagents. The results showed that almost all of the tested reagents exhibited inhibitory effects on agarase activity at 10 and 10 mM except that urea slightly inhibited the activity (Table 1) . It indicated that Aga672 did not require the tested metal ions and reagents for agarase activity.
Effects of pH and temperature on activity and stability of Aga672
The recombinant agarase Aga672 exhibited the maximum agarase activity at pH 7.0 and more than 80% of the maximal activity was retained over a broad range of pH 7.0-11.0 for 1 h (Fig. 2) . The effect of temperature on the agarase activity of Aga672 was detected at temperatures from 15 • C to 55
• C (Fig. 3) .
The maximal activity was determined at 25
• C but decreased clearly at temperatures higher than 40 
Kinetic parameter of Aga672
The kinetic parameters were calculated from the LineweaverBurk plot, which was established by determining the reaction rate at different substrate concentrations. The K m and V max values were 59.78 mg mL −1 and 154.32 U mg −1 , respectively.
Agarose and NAOS degradation of recombinant agarase
As shown by the time-course degradation of agarose (Fig. 4) , the products of agarose degradation by Aga672 were neoagarooctaose (NA8), neoagarohexaose (NA6) and neoagarotetraose (NA4). Agarase Aga672 hydrolyzed NAOS with degree of polymerization (DP) above 8 to generate NA4, NA6 and NA8 as the only products (Fig. 5) , which was coincident with the products of agarose degradation. 
DISCUSSION
Most of functionally characterized β-agarases of family GH16 generally degrade agarose yielding NA4 and NA6 as the end products (Table 2 ; Chi et al. 2012) . In this study, the GH16 agarase Aga672 cleaved agarose to produce NA4, NA6 and NA8 as the end products indicating that Aga672 could not hydrolyze NA8. That is the main difference between Aga672 and other reported agarases of family GH16. Among the current four GH families of β-agarases, agarases of family GH118 cannot hydrolyze NA8 or smaller NAOS, resulting in the production of NA8 as the end products from agarose (Chi, Chang and Hong 2012; Xie et al. 2013) . In this sense, agarase Aga672 seems to be similar with agarases of family GH118 on NA8 degradation. However, both the analysis in the Conserved Domain Search Service of GenBank and the analysis by InterProScan (Jones et al. 2014) had shown that agarase Aga672 owned a conserved catalytic module of family GH16 and should belong to GH family 16. The catalytic module of family GH16 locates directly adjacent to the signal peptide in agarase Aga672, just like in other agarases of family GH16. The amino acid sequence of catalytic module just shows a maximum similarity of 56% to those of reported GH16 agarases. The non-catalytic carbohydrate binding module 6 (CBM6) domains are generally C-terminal in family GH16 β-agarases, attaching catalytic modules to the substrateplant cell wall (Chi, Chang and Hong 2012) . However, based on the search results in GenBank or InterProScan (Jones et al. 2014) , no conserved CBM was found in agarase Aga672 indicating the possible presence of novel carbohydrate binding module in the C-terminal of Aga672.
Generally, agarases of family GH16 own ion-binding sites and the agarase activity could be enhanced by CaCl 2 (Allouch et al. 2003; Chi et al. 2015) . However, there are also agarases of which the agarase activity is not dependent on CaCl 2 , such as agarase rAgaH92 from stain Pseudoalteromonas sp. H9 , agarase AgaH71 from Pseudoalteromonas hodoensis H7 (Park da et al. 2015) and agarase Aga672 in this study. And unlike other . Therefore, all of above display the significant differences between Aga672 and reported agarases of family GH16. Those agarases that have higher K m value of agarose degradation are thought to be more efficient in the degradation of agarose gels (Jam et al. 2005) . In this report, the K m value of agarase Aga672 is 59.78 mg mL −1 which is higher than most reported agarases of family GH16 (Table 1) . It may suggest that the bacterial strain would produce agarases like Aga672 to attack the cell wall of marine red alga of which the main component is agarose. In general, the temperatures for agarose degradation by agarases are above the gelling temperature of agarose (around 38 • C). Agarases that can degrade agarose at higher temperatures are thought to be more useful for industrial production of NAOS (Ohta et al. 2004; Nikapitiya et al. 2010; Cui et al. 2014) . However, it costs energy to maintain the reaction temperature above 38
• C.
In this study, Aga672 has the maximal activity at 25
• C indicating that it can hydrolyze gelated agarose. Thus, it might be used for industrial production of NAOS directly from marine algae under economic conditions.
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